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Abstract: Using a similarity between morphologies of an optical planar waveguide and a whisper- 
ing gallery resonator, we theoretically propose and experimentally demonstrate a one dimcnsional 
ring-like macroscopic object characterized with high finesse and small mode volume. 
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Currently, two general approaches exist for engineering the desired optical modes. In the most common approach, 
an optical waveguide provides an effective means for confinement and transport of light. The waveguide is based on 
the refractive index contrast between its material and the surroundings to support light confinerncnt and guiding. In 
the other approach, a photonic band-gap crystal (PBG) allows for confinement and guiding of photons using mor- 
phology of the system. This is achieved by placing defects in otherwise periodic arrays of a dielectric material. 

We propose a new approach. It relies on the creation of an index contrast, as in the case of the optical fiber, but is 
obtained by shaping, similarly to the PBG case. The significance of this technique is that it allows for the designing 
single and multiply-coupled whispering gallery mode (WGM) resonators for a wide variety of applications rang- 
ing from nonlinear oscillators, high order filters, delay lines, and modulators, to devices for fundamental studies in 
quantum optics. As a demonstration of the power of this novel approach, we theoretically investigate an ideal, single 
mode, WGM resonator, and verify our findings with an experimental demonstration. 

As a textbook example, an ideal optical resonator spectrum consists of a sequence of equidistant modes. Real 
optical resonators are typically quite different than their "ideal" prototypcs. Instead of a single mode sequence, they 
have many, and instead of equidistant modes, they show a significant dispersion. WGM resonators are not an excep- 
tion to this. Since early works with WGM resonators it was recognized that they have dense, geometry-dependent 
mode spectra. This feature generally hinders applications of WGM resonators in fundamental and applied physics. 

Researchers working on optical waveguidcs faced a similar problem in designing a single mode fiber. The single 
mode fiber revolutionized the world of optics enabling long-distance telecornmunications and multichannel television 
broadcast systems, functions that would be impossible with multimode fibers. A single-mode fiber can retain the fi- 
delity of a light pulse over long distances. It exhibits no dispersion caused by multiple modes and is characterized by 
lower attenuation than a multimode fiber. The ideal "single-mode" resonator would retain all the advantages of the 
single-mode fiber, so its development is quite signific'ant. 

A homogeneous dielectric waveguide becomes single-mode when the frequency of the propagating light is close 
to its cut-off frequency. This means that the thickness of the waveguide approaches the half-wavelength of light in 
the host material of the waveguide. It is quite complicated and impractical to fabricate a single-mode optical fiber by 
decreasing the fiber diameter. Instead, the single mode operation is cnsured by the specially selected radial profile 
of the refractive index of the fiber material. The core of the fiber has a larger index of refraction than the cladding 
material that surroullds it. The difference of the indices is small, so only one mode propagates in the core, while the 
others fall into the cladding (Fig. 1 a). As a result, the core may have a reasonably large diameter. It is worth noting, 
however, that the core of a single-mode fiber is a multl-mode fiber, if the cladding is removed. 

It is convenient to consider the WGM resonator (Fig.lb) as a nlulti-mode gradicnt waveguide. The resonator be- 
comes an ideal single-mode-family resonator if the "waveguide" is thin enough. Following this trivial approach the 
WGM resonator should be designed as an approximately half-wavelength-thick torus to support a single mode fam- 
ily. There is another, nontrivial, approach to the problem, based on an analogy with the single-mode optical fiber, 
which resulted in the discovery reported in this paper. We here show that a WGM resonator of any size and made of 
any transparent material can be transformed into a single-mode resonator, if the appropriate geometrical "core" and 
"cladding" arc developed. 

To demonstrate the single-mode operation experimentally, we fabricated a monocrystal fluorite rod of -5 mm in 
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diomctcr. WCiMs in such a rod havc cvtrcrncly dcnsc spcctra. Aftcr that we fabricatcd a small, ncnrly invisible, bump 
with dirncnsions of thc ordcr of scvcral rnicmns on the rehonator surface and the spectrum of thc resonator changed 
drastically (RCC Fig- 1) The resonator has a si t~gle TE and n singlc TM modc famillcs. A single T M  modc family 
was selrcled by the polari~ation of inco~ning ligltt. Wc confirlncd that this was a singlc nlodc resonutor by i )  making 
high-sensitivity logarithmic rncasurcmcnt of its spcctnlm, and ii) performing nitmcrical <imulntion o f  i ts paramctcrs 
The residunl surface raltghness limited Q factors of both families of modes are on the order of lo7. 

With this approach, onc could rnakc an opticnl single-mode WGM resonator of tlrc sizc of an apple, which is 
countcr-intuitivcand may be interesting as a Filndamental rcscnrch invcstigation. For practical applications, on the 
other hand, small resonators are of more interest. In this context, our npproach leads to a novcl mcans for engineering 
rnicrocavities, ~nanipulating their spectra, and cvcn 3 5  packaging. Lct 11s hricfly dcscrihc soinc of the applicu!ions o f  
lthc singlc-modc WGM resonator. 

Scvcral idcnl WGM rcsonators can bc fabricatcd on a siiigle cylindrical rod. The rcsonators could be coupled 
fliro~igh the cvancsccnt f i c ld~  inxidc Ihc rnd We emphaqife that ttllc cvancsccllt fiold rangc insidc the dietcctric is 
~ n u c h  larger than En thc vacuum. Tllc dccay constant of d ~ c  wancsccnt fields can lnlien b t  easily manipulated 'by proper 
shaping o f  thc rcsonators. Thc "intrn-rod" coupling has a great advantage compared with the usual evatlescent field 
coupling of WGM resonators bccausc t t ~ c  forn~cr is much more stablc with rcspcct to thc cxtcrnal cnvironmcntal con- 
dirions such such os the tcrnpcrat~~re of thc moisturc in thc air. Thc coupling only dcpcnds on thc shape of the res- 
onalors and distancc bciwccn thcm and ~s f iwd unlc5s thc suhstratc gcornctry or  optical propcrtics arc altcrcd. Such 
nil altcration can be irnplcnientcd by changing thc sitbstratc tcmpcraturc, or  applying external pressure or voltage (in 
the casc of fcrroclcctr~c matcr~als). Tlr~s providcs the mcans for controlling thc rcsonators propcrtics (c.g.. frcqucncyj 
as wcll as thcir coupling. 

Finally, the type of the dielectric med~a uscd for the proposed resonators i s  not important as long as it is solid and 
transparent. Generally, since the behavior af the systcni is dcfincd only hy gcnrnetry it is nor cvcn important for what 
kind ofwaves thc structures rcprcscnt rr resonator. Microwave. acoustical or  mechanical chains o f  rcsoiiaters of this 
gconlctry havc nhc samc fcaturcs and hariq of design a9 these optical counterparts. 

The rcsearch described in this paper was carried out at ttie Jet Propulsion Laborntory, California Institute of Tech- 
nology, under a contract with thc National Aeronautics and Space Administration and partial sponsorship fmm DARPA. 




